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The pressure-induced phase transitions in SnSe have been investigated using the ﬁrst-principles density
functional calculations. The experimental results in the nanostructured SnSe revealed a phase transition
at 4 GPa whereas that in the well-crystallized samples showed at 10 GPa. To understand the above
discrepancy, we have used a pseudohybrid Hubbard density functional on the fully-relaxed samples of
SnSe. The calculated electron energy gap of 0.83 eV is in good agreement with the experimental values of
0.86 eV and 0.898 eV. The analysis of the quasi-particle band structures, Fermi energy level, Fermi-
surface indicates a phase transition at 4 GPa in accord with the enthalpy calculations. The Trans-
mission coefﬁcients and the current-voltage characteristics have also been analyzed for 0, 4.0, 7.0 and
10.0 GPa. An increase in the conductivity has been observed with increase in the pressure.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Energy demands has posed serious threat to our society. Decline
in fossil fuel and increase in carbon gas emissions lead to global
warming and generate a growing interest in renewable sources of
energy. Low thermal conductivity could play a vital role in yielding
a high performance dispositive. The ultralow thermal conductivity
leading to a high ZT values in SnSe has motivated us to study in
more details the electrical properties of the layered orthorhombic
crystal at room temperature [1]. Application of external pressure
induces changes in the interatomic distances, thereby modifying
the electron per atom ratio, electronic structure and coordination
number of materials in a clean and efﬁcient manner. Once, the
structural, electronic and vibrational properties are tuned, layered
IV  VI semiconductors, for e.g. GeS, GeSe, a SnS, SnSe, have been
attracting much scientiﬁc interest due to their potential applica-
tions. Thus, the pressure tuning technique is known to demonstrate
new and improved thermoelectric properties in some materials
[2e5]. SnSe, in particular, has drawn a considerable attention in the
scientiﬁc community as it shows an unprecedented thermoelectric
ﬁgure of merit, ZT ~ 3 [1,6e8] along the b axis at highlon de Souza).
B.V. This is an open access article utemperatures.
SnSe is very stable and simple compound of Earth-abundant
elements. However, the quasi-two-dimensional structure of SnSe
leads to various anisotropic features due to the coexistence of weak
interlayer and strong intralayer interactions. Anisotropy has also
been observed in (i) microstructural and morphological [9e12] (ii)
optoelectronic [9,13e15] and (iii) high-temperature [1,6e8] and
high pressure [7,9,16e20] thermoelectric properties. The intrinsi-
cally ultralow thermal conductivity, an ultrahigh ZT along two
principal directions [1] and a high anisotropic nature induced new
interests to study this compound. Recently transport properties of
SnSe have been considered using theoretical calculations and
experimental measurements [21e23].
Recent experimental and theoretical studies [16,23,24] exhibit a
phase transition in SnSe under high-pressure (hydrostatic or uni-
axial) [19,20]. However, the critical pressure values have demon-
strated discrepancies among themwhich could be attributed to the
presence of microstructures. Agarwal et al. [18] observed an abrupt
decrease in the electrical resistivity between 6 and 7 GPa in SnSe
monocrystals grown by vapor transport technique. More recently,
high pressure x-ray diffraction experiments in SnSe [16] have re-
ported a gradual second order phase transition from low-symmetry
Pnma to high-symmetry Bbmm (#64) space group, between 10.5
and 11 GPa. Ab initio calculations [19] predicted a similar phase-
transition at 7 GPa. Recently, our Rietveld study observed thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. (a) Quasiparticle band structures and (b) the density of states (DOS) of SnSe at
0 GPa including the total DOS (black-solid line) and the contributions of Sn (solid line)
and Se (dashed line) for s wave (red line), p wave (green line), d wave (blue line)
and f wave (magenta line).
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the above discrepancy is not clear yet, but could be related to the
layered structure of SnSe and other structural characteristics
(dimensionality, crystallinity, anisotropies, etc) that depend on the
synthesis process.
In this work we present the theoretical electronic properties of
fully relaxed SnSe structure using the density functional theory
(DFT). It is important to note that the relaxed structure preserves its
Pnma symmetry within the pressure limits utilized which was also
veriﬁed by FINDSYM program [25]. The quasi-particle band struc-
tures, Fermi energy level and the Fermi-surface have been
considered. Moreover, transmission coefﬁcients and the current-
voltage characteristics have also been plotted for 0, 4.0, 7.0 and
10.0 GPa.
2. Calculation details
A plane-wave pseudopotential DFT, as implemented in the
PWSCF code of the Quantum Espresso distribution [26], has been
employed to calculate the electronic properties of fully relaxed
SnSe structure. The SnSe structure was relaxed without any con-
straints at 0, 4.0, 7.0 and 10.0 GPa and the band structure was
calculated for each of the relaxed structures. The generalized
gradient approximation Perdew Burke-Ernezerhof (PBE) pseudo-
potential [32] was used for the purpose. Brillouin-zone interactions
were performed using a 12  12  4 k-point grid. The atomic po-
sitions and the cell parameters were fully relaxed in all the cases.
The plane-wave and kinetic energy cut-offs were chosen to be 60
Ryd and 240 Ryd, respectively. The electronic transport coefﬁcients,Fig. 2. (a) Quasiparticle band structures and (b) the density of states (DOS) of SnSe at
4 GPa including the total DOS (black-solid line) and the contributions of Sn (solid line)
and Se (dashed line) for s wave (red line), p wave (green line), d wave (blue line)
and f wave (magenta line).transmittance and the current-voltage characteristics were
considered along the three principle axes using the Wannier WanT
Distribution package [33].
It is well-known that DFT underestimates the band gap and thus
produces an inaccurate description of the electronic band struc-
tures of semiconductors and insulators. In this work we have
considered the use of pseudohybrid Hubbard density functional
[27] where SnSe exhibits band gaps. The use of this functional in-
creases the computational cost slightly, however, it provides amore
accurate prediction of the band gap [27]. The negligible increase in
the computational cost of the above method in calculating the
electron energy-gap makes it more advantageous when compared
with other methods like GW approximation [28], dynamical mean-
ﬁeld theory [29e31] among others.3. Results and discussion
The calculated quasiparticle band structures of the relaxed SnSe
alongwith the total and partial density of states (DOS) are exhibited
in Figs.1e4. In Figs.1(a), 2(a) and 3(a) and 4(a) the energy bands are
exhibited for pressure values of 0, 4, 7 and 10 GPa, respectively. The
anisotropic characteristics and the lack of consensus on the nature
of SnSe under pressure led to the choice of the above pressure
values. The solid line at 0 eV demonstrates the Fermi level (EF). The
path along which the bands are plotted is
X  Y  P  G  A  Z  G  T. At p ¼ 0 GPa we observe a band gap
around EF of 0.83 eV which is in good agreement with the experi-
mental values of 0.86 eV [1] and 0.898 eV [34] obtained from the
optical absorption spectrum and 0.829 eV [21] calculated by
employing the GW method [28]. However, it shows a considerable
improvement over the earlier DFT result of 0.61 eV [1]. The pseu-
dohybrid Hubbard functional [27] successfully describes the elec-
tron band-gap of SnSe at p ¼ 0 GPa. A valence band maximum is
found along the Z  G direction whereas a conduction band mini-
mum is along the X  Y direction. We also calculate the energy-gap
of SnSe with pressure as exhibited in Table 1 below.
The gap gradually decreases with pressure and goes to zero at
4 GPa.
At 4 GPa, the energy bands exhibit a transition to a metallic state
as is evident from the band structure at G. Similar transition in the
DFT results has also been observed in Ref. [23] at 12.6 GPa. How-
ever, the transition observed in the above calculations is for
powdered samples bought from Alfa Aesar Company, with a purity
of 99.999%. The phase transition observed recently in Ref. [24] is
also observed at 4 GPa. The above results thus conﬁrm the value of
the critical pressure exhibited by the cell parameter ratios b/a, c/aFig. 3. (a) Quasiparticle band structures and (b) the density of states (DOS) of SnSe at
7 GPa including the total DOS (black-solid line) and the contributions of Sn (solid line)
and Se (dashed line) for s wave (red line), p wave (green line), d wave (blue line)
and f wave (magenta line).
Table 1
Energy band-gap of SnSe with pressure.
Pressure GPa Bandgap (eV)
Present Experimental Theoretical
0 0.83 0.86 [1], 0.898 [34] 0.61 [1], 0.829 [21]
1 0.55 e e
2 0.48 e e
3 0.43 e e
4 0 e e
Fig. 5. Fermi energy (eV) vs pressure (GPa).
Fig. 4. (a) Quasiparticle band structures and (b) the density of states (DOS) of SnSe at
10 GPa including the total DOS (black-solid line) and the contributions of Sn (solid line)
and Se (dashed line) for s wave (red line), p wave (green line), d wave (blue line)
and f wave (magenta line).
Fig. 6. (a) First Brillouin zone of SnSe with special points as marked in the ﬁgure. The
constant-energy surfaces for (b) p ¼ 0 GPa, (c) p ¼ 4 GPa, (d) p ¼ 7 GPa and (e)
p ¼ 10 GPa are shown.
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structured SnSe at 4 GPa. Hereafter, the band structures in Figs. 3(a)
and 4(a) for 7 GPa and 10 GPa, respectively, do not exhibit any other
phase transition as was predicted in earlier works [16,18,19]. We
notice that the metallic structure is preserved with pressure. In
Ref. [24] the nanostructured sample was found to attain a stability
around 8 GPa and does not suffer any signiﬁcant change in the
symmetry thereafter and is complete accordance with our DFT
results.
The ﬁrst-principles density functional calculation of enthalpies,
H¼ Etotþ pV, using the fully-relaxed DFTgeometry besides two sets
of experimentally obtained SnSe structural parameters, one ob-
tained by Rietveld reﬁnement of our nanostructured SnSe XRD
pattern and another extracted from the results of hot-pressed well
crystallized SnSe reported by Loa et al. [16] have practically the
same values below 4.0 GPa [24]. However, H for the nanostructuredSnSe indicates a structural phase transition at the above value of
pressure. The phase transition is also evident from the enthalpy
values of the relaxed structure.
In Figs. 1(b), 2(b) and 3(b) and 4(b) we plot the total density of
states (black solid-line) along with the individual contributions of
Sn and Se, for s wave, p wave, d wave and f wave, at 0, 4, 7
and 10 GPa, respectively. DOS has been plotted against the energy
relative to the Fermi energy. The position of the peaks do not
change qualitatively with the increase of pressure. However, we
observe a considerable difference in the peak values at p ¼ 0 GPa
when compared to the other pressure values. The s wave contri-
butions (red line) of the Sn (solid line) and Se atoms (dashed line)
are the least when compared to the other waves. The p wave
contributions (green line) of Sn (solid line) and Se atoms (dashed-
line) are shown in the Figure. It is important to note that the highest
contribution is from the p wave. Similarly the d wave (f wave)
is shown in blue (magenta) solid line for Sn atom and blue
(magenta) dashed-line for Se atom. The band gap at p ¼ 0 GPa is
also evident from Fig. 1(b).
Fig. 5 exhibits the dependence of the Fermi energy (eV) relative
to the Fermi energy (eV) at p ¼ 0 GPa (EF  Eð0ÞF ) on the applied
pressure. We observe that the Fermi energy increases mono-
tonically with the gradual increase of pressure upto 18 GPa. Inspite
of a steep increase in the Fermi energy at lower values of the
pressure, (EF  Eð0ÞF ) tends to saturate at the higher values. The
Fermi energy at p ¼ 18 GPa increases to nearly 146% of its initial
value (p ¼ 0 Gpa). Recently [24] we observed a decrease of the
volume with pressures upto 18 GPa. Moreover, it showed that the
volume at p¼ 18 GPa decreases by nearly 75% of its original volume
in DFT calculations with the relaxed structure.
Fig. 6(a) exhibits the ﬁrst Brillouin zone of the SnSe structure
with the special points marked in the ﬁgure used in the energy
band calculations. The set of energy surfaces of the valence and the
conduction band of SnSe for (b) p ¼ 0 GPa, (c) p ¼ 4 GPa, (d)
p ¼ 7 GPa and (e) p ¼ 10 GPa are plotted within the ﬁrst Brillouin
zone. The phase transition is also evident from the plots of the
energy surfaces.
The Transmission coefﬁcient and the current-voltage behavior
Fig. 7. Transmittance (2e2=h) along the a axis (solid line), b axis (dashed-line) and c axis (dotted line) vs energy (eV) for (a) p ¼ 0 GPa, (b) p ¼ 4 GPa, (c) p ¼ 7 GPa and (d)
p ¼ 10 GPa. Current (mA) along the a axis (solid line), b axis (dashed-line) and c axis (dotted line) vs voltage (V) for (e) p ¼ 0 GPa, (f) p ¼ 4 GPa, (g) p ¼ 7 GPa and (h) p ¼ 10 GPa.
A. Ghosh et al. / Computational Condensed Matter 9 (2016) 77e8180are demonstrated in Fig. 7. Transmittance (2e2=h) along the a-axis
(solid line), b-axis (dashed-line) and c axis (dotted line) vs energy
(eV) are plotted for (a) p¼ 0 GPa, (b) p¼ 4 GPa, (c) p¼ 7 GPa and (d)
p ¼ 10 GPa. Current (mA) along the a axis (solid line), b axis
(dashed-line) and c axis (dotted line) vs voltage (V) are considered
for (e) p ¼ 0 GPa, (f) p ¼ 4 GPa, (g) p ¼ 7 GPa and (h) p ¼ 10 GPa.
We observe the least transmittance and highest resistivity along
the a axis whereas the b and c axis results show qualitatively
similar behavior. The least resistivity is observed along the b axis.
Similar behavior was also observed in the study with temperature
in Ref. [1] with the least conductivity along a-axis and the highest
along the b axis behavior. Moreover [1], also shows a similarity
between the b and c axis results as also observed in this work. We
observe an increase in the conductivity with pressure. At p ¼ 0 GPa
we observe a considerable region of high resistance close to V¼ 0 V.
An increase in pressure decreases the above high-resistance zone.
However, the resistance decreases with increase in voltage. Hence,
an increase of pressure improves the conductivity of the sample
although it tends to saturate at higher pressure. The above increase
in the conductivity of the SnSe samples with pressure can also seen
from the band structures (Figs. 1e4) and also from the energy
surfaces of the valence and the conduction band in Fig. 6. The
electrical resistance as can be calculated from the current-voltage
behavior in Fig. 7 of the nanostructured SnSe is in accord with
the experimental results of Agarwal et al. [18]. At p ¼ 0 GPa log(R)
varies between 2.80 (a-axis) and 2.09 (b-axis) with a mean value of
2.53. With an increase in pressure the resistance decreases slowly
due to the decrease in the band-gap (Table 1) similar to the results
of [18]. Moreover, the transition in nanostructured SnSe is accom-
panied by a sudden drop in resistance at around p¼ 4 GPa. A similar
behavior was observed in Ref. [18] at around p ¼ 6 GPa. Above
p ¼ 4 GPa the resistance decreases again due to the increase in
pressure as also observed in Ref. [18].4. Conclusion
In conclusion, the pressure-induced structural transformations
in SnSe have been studied using ﬁrst-principles calculations based
on density functional theory with ultrasoft pseudopotential and
plane wave basis set. A phase transition from lower to higher spacegroup symmetry as indicated by various experimental groups was
also observed in the band structure and DOS calculations of the
fully relaxed structure of SnSe. The band-gap at p ¼ 0 GPa is in
complete accordance with the experimental value obtained from
the optical absorption spectrum and the GW results. The critical
pressure for phase transition obtained in the present calculation
(4.0 GPa) is in accordance with the nanostructured SnSe [24].
However, the results differ from that observed in the well crystal-
lized samples [16] and [18]. The pressure dependencies of the
transmittance and the current vs voltage characteristics have been
considered. We observe an increase in conductivity of the sample
with pressure. However, qualitative nature of the transmittance
and the conductivity remains the same. The electrical conductivity
is highest along the b axis and least along the a axis. The above
feature has also been observed experimentally in the temperature
dependencies of SnSe samples [1].Acknowledgements
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